Introduction
and humid forests that is distributed across approximately 200,000 km 2 of forests and 48 savannas in Brazil, with optimal development in secondary environments (Anderson and 49 Anderson, 1985; May et al., 1985; Barot et al., 2005; Santos and Mitja, 2011; Coelho et al., 50 2012) . Recent research emphasized the importance of this palm tree to industry, given its 51 potential for biodiesel production (Da Rós et al., 2014) and bioenergy (Protásio et al., 2014) ; 52 to ethnobotany, given its use diversity (Araujo and Lopes, 2012; Martins et al., 2014) ; to 53 anthropology, given its economic and social importance for small farmers (Porro and Porro, 54 2014); and to medicine because babassu palm trees can become infested with triatomines, 55 which transmit Chagas disease (Dias et al., 2014) . Recently, babassu oleaginous almonds 56 were considered as the third most important non-wood product of plant extractivism in Brazil 57 (89,739 t/$56.7 million in 2013; IBGE, 2013) . Nevertheless, a gap exists between the 58 knowledge of this species and use of technologies that might aid in its management and 59 sustainable exploitation. 60 In forest plantations, information on tree or palm tree density is obtained using remote-61 sensing techniques that aid in productivity monitoring, planning and management of African 62 oil palm tree (Shafri et al., 2011; Srestasathiern and Rakwatin, 2014) and eucalypt (Whiteside 63 et al., 2011; Zhou et al., 2013) plantations. The spatial information provided regarding the 64 number of trees or palm trees enables (among other things) the identification of excessive 65 mortality areas (Zhou et al., 2013) and the prediction of production dates (Malek et al., 2014) , 66 which are essential for resource management and conservation (Engler et al., 2013) . The vegetation in this area is upland tropical forest, characterized by the presence of 144 lianas and palm trees (Mitja and Miranda, 2010 (Mitja et al., 2008; Santos and Mitja, 2011) , thereby contributing to the 153 and Mitja, 2011; Danielle Mitja, Personal communication). In a 487 ha pasture area of the 178 study site (=62-plots), we observed that 93.6% of the LCC palm trees found were babassu.
179
This result was used to estimate the babassu density based on the automatic LCC palm tree 180 detection results.
181
A total of 17 transects were sampled in pastures of different ages (1, 3, 5, 7 and 9 182 years), with a total sampling area of 1.3 ha (Fig. 1 ). In these transects, we noted that 46.51% 183 of the detected palm trees belonged to stage 5, whereas 53.49% belonged to stage 6.
184
A total of 150 babassu across three development stages were inventoried in the pasture 185 areas. Out of these babassu, 105 were in stage 6 (adults with an aerial stipe and signs of male 186 and/or female reproductive organs), 30 were in stage 5 (juvenile with an aerial stipe, 187 regardless of sheath coverage, and without the signs of male or female reproductive organs), 188 and 15 were in stage 4 (juvenile with a terminal bud at the soil surface level, with well-visible 189 leaf sheaths).
190
The structural information obtained in the field included circumference at breast 191 height, circumference at the base of the stipe, number of leaves, total height, stipe height, and 192 crown circumference (Fig. 2 ). This structural information was also obtained for two other 193 LCC palm trees species, inajá (31 individuals) and tucumã (30 individuals).
194
All these palm trees were georeferenced using the global positioning system (GPS; undergoes a supervised classification by calculating a decision coefficient used to assign that 219 object a particular class label between "palm tree shadow" and "other shadow".
220
The shadow extraction protocol proceeds as follows: the Monte Carlo permutation test at p < 0.05.
302
The structural characteristics of babassu palm trees at stages 5 and 6 were compared 303 using the non-parametric Wilcoxon test, as were the structural characteristics of the 304 individuals at each stage based on whether they were detected or not, using the algorithm. All The use of the shadow-detection algorithm detected the babassu palm trees and also 311 other palm tree, especially those dominant in Benfica, such as inajá and tucumã.
312
In contrast, the PCA of the structures of the babassu, inajá and tucumã palm trees (all 313 belonging to stage 6, i.e., adults) showed that the LCC palm trees differed structurally. The 314 first two PCA axes explained 75.77% of the variance in the scatterplot. Axis 1 explained 315 39.71% of the variance, and the structural variables that contributed the most to this axis were 316 circumference at breast height, circumference at the base of the stipe, number of leaves. The 317 second axis explained 36.06% of the variance, and its most important variables were total 318 height, stipe height (Fig. 5) . In the PCA formed by the first and second axes, the structural variables were grouped 325 according to palm tree type: babassu, inajá, and tucumã. According to a Monte Carlo test with 326 999 permutations, 44% of the data variance was explained by palm tree species, and this value 327 was significant (p=0.001; Fig. 6 ). The algorithm did not detect any of the stage 4 babassu palm trees identified in the 336 field.
337
When comparing the morphological characteristics of the stage 5 and 6 palm trees 338 using a boxplot (Fig. 7) , we observed that the stage 6 palm trees had higher values and 339 significantly differed from those in stage 5 (Wilcoxon test, p<0.0001) for all the structural 340 characteristics analyzed. which was greater for detected palm trees than undetected palm trees (Table 1) .
355
Approximately 60% of the stage 5 babassu palm trees identified in the field were 356 detected using the algorithm, and 40% were not detected ( When evaluating the performance of the algorithm used to automatically detect the 368 LCC palm trees, we considered 334 points, in which 252 (75.45%) had been correctly 369 identified by the algorithm (true positives), 55 (16.47%) points indicated by the algorithm that 370 did not correspond to palm trees (false positives), and 27 (8.08%) points corresponding to 371 palm trees that were not identified by the algorithm (false negatives). This analysis resulted in 372 90.32% of Extraction, 0.218 of Branching factor, and 75.45% of Quality.
373
All of the structural variables analyzed in the present study influenced the shape of the 429 shadow of each species because different architectures can have more or less impact on the 430 way light propagates through vegetation (Wang and Augspurger, 2006) . Because we used a 431 shadow-detection algorithm that also considers the shape of the shadow, differentiating 432 among LCC palm tree species might be possible if an image with a better spatial resolution 433 (i.e., less than 0.50 m) is used, given that these species have different structures. Moreover, it 434 might be possible to create a density map specific for the babassu palm tree (Attalea speciosa) 435 by extracting only the shadows that correspond to this species.
436
The validation of the information concerning stage 4, 5, and 6 of babassu palm tree, 437 with the aid of field methods (i.e., structural census and georeferencing) regardless of the 438 detection algorithm, enabled us to report which structural characteristics have a stronger 439 influence on their detection using a high spatial resolution image.
440
Almost all (96%) of the stage 6 babassu palm tree were detected using the high spatial 441 resolution satellite images, and only 4% did not have visible shadows and were not 442 automatically detected. The numbers of leaves and the crown widths of these individuals did 443 not significantly differ from those detected; however, their stipes were significantly smaller.
444
In turn, the stage 5 babassu palm tree were partially detected (60%). The 40% that 445 were not detected were shorter and had fewer leaves than those detected. However, it is 446 difficult to individually characterize the undetectable palm trees that belong to this stage 447 based on their morphological characteristics, as was done for stage 6. Some individuals with 448 similar morphological characteristics might not be detected because unmeasured factors might 449 also influence shadow formation. These factors might include i) the orientation of the palm 450 trees in relation to the sun when the image was captured by the sensor, ii) the leaf area (i.e., 
Conclusions

531
The result of the automatic detection using the algorithm on a very high spatial 532 resolution image (75.45% quality) was promising, given that it was applied to natural, non-533 planted areas.
534
The validation of the information concerning stage 4, 5, and 6 Attalea speciosa 535 (babassu) palm trees using field methods (i.e., structural census and georeferencing), 
